[1] Here we report measurements of iron and aluminum in surface and subsurface waters during late March and late May of 2001 on transects between central California and Hawaii. A large cloud of Asian dust was detected during April 2001, and there was a clear signal in surface water iron due to aerosol deposition on the May transect. Iron and aluminum concentrations increased synchronously by 0.5 and 2 nM along the southern portion of the transect, which includes the Hawaii Ocean Time series (HOT) station, from background values in March (0.1 to 0.2 nM Fe). These changes occurred in a ratio that is close to the crustal abundance ratio of the metals, which indicates a soil aerosol source. A vertical profile of dissolved iron was also measured at the HOT station in late April and this profile also shows a large increase near the surface. Direct observations of aerosol iron concentration at Mauna Loa Observatory on Hawaii indicate that aerosol concentrations were significantly lower than climatological values during this period. Soil aerosol concentrations along the transect were estimated using the real-time Navy Aerosol Analysis and Prediction System (NAAPS). The NAAPS results show a large meridional gradient with maximum concentrations in the boundary layer north of 30°N. However, the deposition of iron and aluminum to surface waters was highest south of 25°N, near Hawaii. There were only weak signals in the ecosystem response to the aerosol deposition.
Introduction
[2] The mean concentration of iron in deep waters of the ocean is approximately 0.7 nM [Johnson et al., 1997a] . This amount of iron is not sufficient to allow phytoplankton to consume all of the nitrate and phosphate that is also present when these waters are diffused or mixed to the surface. Therefore additional inputs of iron must be present if complete consumption of macronutrients is to occur. These sources include dust deposition on the sea surface [Bruland et al., 1994; Johnson et al., 1997a] and resuspension of continental margin sediments, followed by transport offshore [Johnson et al., 1999; Johnson et al., 2001] . In the open ocean, dust falling on the sea surface supplies much of the additional iron required for photosynthetic production [Archer and Johnson, 2000; Jickells and Spokes, 2001] . Large spatial and temporal variations in this aeolian input occur annually [Duce and Tindale, 1991] and over glacialinterglacial cycles [Petit et al., 1999] . The fluxes of aeolian iron and aluminum to surface waters in the North Pacific Gyre are, in particular, highly seasonal with large maxima in spring due to mobilization of dust from Asia during storms and subsequent transport to the northeast [Duce et al., 1983; Perry et al., 1999] . This variability in external iron inputs may have subsequent impacts on ecosystem processes [Martin, 1990; Coale et al., 1996; Falkowski, 1997; Boyd et al., 2000] .
[3] Surface ocean concentrations of dissolved aluminum, a relatively inert tracer for aeolian deposition, are correlated with dust input on a global scale [Measures and Vink, 2000] . The correlation of dust input with surface iron concentrations is not as clear [Johnson et al., 1997b; Measures and Vink, 1999; Vink and Measures, 2001] , presumably because biological activity rapidly depletes iron concentrations. In high dust input regions of the Atlantic [Vink and Measures, 2001; Bowie et al., 2002] and Arabian Sea [Measures and Vink, 1999] , there is often, but not always, a coupling of iron and aluminum concentrations. This relationship is not well studied in areas with lower dust inputs such as the Pacific Ocean. Coincident maxima in iron and aluminum concentrations at the sea surface near Hawaii may reflect episodic deposition of dust [Bruland et al., 1994] . These episodes of dust deposition are believed to impact upper ocean biogeochemical processes [Young et al., 1991; DiTullio and Laws, 1991] , especially coupled primary production and carbon export [Bishop et al., 2002] , although the evidence is indirect.
[4] Here we report measurements of iron and aluminum in surface waters during March and May of 2001 on transects between central California and Hawaii (Figure 1) . A large cloud of Asian dust was detected during April 2001, and we subsequently observed a clear signal in surface water iron due to aerosol deposition.
Methods
[5] Sampling was conducted from the Research Vessel Western Flyer on a transit from California to Hawaii in March 2001 and on the return in May 2001. Surface water was sampled with a towed pumping system that consisted of a stainless steel depressor body, polyethylene tubing, and a ship-board, air-driven Teflon 2 diaphragm pump. This system delivered water into the ship's laboratory at a rate of 5 L/min. Seawater for metal analyses was subsampled from the towed pumping system flow at $6 mL/min with a peristaltic pump.
[6] Iron and aluminum concentrations were determined using modifications of the Flow Injection Analysis (FIA) systems described by Obata et al. [1993] and Resing and Measures [1994] , respectively. The most significant of these modifications was the use of a 10-port injection valve (Valco C22-3180EH) (Figure 2 ). The 10-port valve allows the sample to be preconcentrated onto an 8-hydroxyquinoline column (8-HQ) [Landing et al., 1986] and then injected into the analytical stream without placing the 8-HQ column directly in the stream of carrier (0.3 N HCl) flowing to the detector (Figure 2b ). This avoids the pressure pulse and detector baseline shift that invariably occur with a six-port injection valve when carrier flow to the detector is diverted through the column to elute sample iron or aluminum [Resing and Measures, 1994; Obata et al., 1993] . A single six-port stream selection valve (Valco C25-3186EMH) was used to draw a strong acid wash (1.0 N double distilled HCl), sample (or standards and blank), a rinse with ultrapure MQ water (Millipore MilliQ, 18 M/cm) acidified to pH 3, and weak acid (0.3 N HCl for Fe and 0.05 N HCl for Al) through the column. The column is eluted when the sixport stream selection valve is switched to the position containing the same weak acid carrier solution that flows to the detector. The eluted sample stream then flows through the injection loop of the 10-port valve when it is in the load position. The 10-port injection valve is switched to the inject position when the slug of acid carrying the eluted metal fills the injection loop. In this configuration, the carrier stream flowing to the detector never passes through the column. Accurate timing was essential to ensure that all of the MQ wash was pushed out of the sample loop without losing the sample slug. The valve switching and data collection was implemented with a Computer Boards, Inc., PCM DAS 16 PC card that was controlled by custom software written in Microsoft Visual Basic.
[7] The reaction pH for the luminol and Fe mixture was controlled by adjusting the flow rate of a separate pump that propelled the ammonium hydroxide reagent (Figure 2 ). This allowed us to optimize the reaction pH for each new batch of reagents, which further minimized the remaining blank peaks that resulted from the slight dilution of the eluent acid in the sample loop by any of the MQ wash solution that had remained in the loop. This requirement for carefully regulating the reaction pH may result from variations in carbon dioxide concentration in the reagents [Xiao et al., 2002] .
[8] The 8-HQ columns for both iron and aluminum analyses were prepared by the method of Landing et al. [1986] except that a larger grained support material (TosoHaas, ToyoPearl HW-40C) was used to reduce backpressure and the tendency of the column to compact during extended sample load times (typically 8 or 12 min for open ocean, surface seawater). The flow manifolds were heated to a constant temperature of 30°C for iron analyses and 50°C for aluminum analyses. All reagents were used as received. Any contamination was accounted for in the baseline, which remained steady as long as the composition of the flow was unchanged. The 10-port injection valve system ensured that the composition changes were minimal.
[9] An operationally defined ''dissolvable'' fraction of the iron was detected in each measurement. This fraction included the dissolved metal and a portion of the weak acid leachable particulate metal. Seawater for each metal analysis was passed through a high capacity, acid cleaned 20 mm filter (Alltech, Timberline metal-free) and then adjusted to the appropriate pH in line. For dissolvable iron measurements, the subsample stream merged with a stream of 0.15 N double distilled HCl (Fisher, Optima 2 ) flowing at $100 mL/min, which produced a sample pH of 3.3 ± 0.2. The acidified stream was passed through a mixing coil for 1 min. A portion of the acidified seawater stream was then drawn at 2 mL/min directly into a flow-injection analysis (FIA) manifold where Fe(III) was determined. The subsample stream for aluminum measurements was merged with a stream of 2.0 M double distilled (Fisher, Optima 2 ) ammonium acetate buffer flowing at $100 mL/min to achieve a pH of 5.5. A portion of each stream also flowed through inline pH electrodes (Cole Palmer, Vertical-Flow) to continuously verify that the acidified seawater was at the proper pH. As discussed below, the dissolvable metal concentrations measured along the transect are primarily made up of the dissolved metal. Leachable metal concentrations were measured and were less than 10% of the dissolved concentration. The manifold shown in Figure 2 allows flow through the 8-HQ column to reverse during each analysis, which prevents particles from accumulating on the upstream side of the column and either clogging it or acting as a source of additional leachable iron. Each analysis is also preceded by a column wash with 1 N HCl to further reduce the possibility that particles trapped in the column become a source of leachable iron. Little Fe(II) would be detected by this method as <30% is retained when seawater is passed through the column at pH < 5.
[10] The system blank for iron was determined at least three times per day, or whenever any change was made to the system such as replacing reagents, by loading a low iron (<0.2 nM) seawater sample for 12 s, as compared to 8 to 12 min for samples. The 12-s period for flow of the blank was determined to be just sufficient for sample to flow from the stream selection valve to the injection valve and through the 8-HQ column. The column was then rinsed with MQ water acidified to pH = 3 for 1 min, and the column was eluted with acid as for a regular sample. As the eluted material passed through the injection loop, the 10-port valve was switched to the inject position and the blank was carried to the detector. The detector response measured after the column was eluted and injected included the effects of iron in the reagents, the effects of any pressure pulses caused by switching the injection valve, and the effects of any iron desorbed by the eluent acid. It does not include any potential effect of iron that might leach from the interior of the 8-HQ column and then concentrate on the ligand surface or much of the iron that is desorbed from sample stream tubing during the extended sample load times. We determined this to be of minor significance by loading pH = 3 MQ water for periods of time up to 12 min and observing little increase in iron concentration within the eluted sample. The blank for Al was determined in a similar manner. Each time a blank was determined, that value was applied to subsequent metal analyses until a new value was measured.
[11] Detection limits were assessed several ways. The iron blank peaks measured repeatedly throughout the cruises averaged 0.10 ± 0.04 (1 SD) nM Fe at the highest sensitivity (12-min sample load time). Some of this variability is due to real changes in iron concentration of the blank. For example, variable amounts of iron in different batches of reagent or small changes in flow rates of the peristaltic pumps would create a different blank. The blank standard deviation of 0.04 nM is very likely to overestimate our analytical uncertainty. The iron concentration of surface seawater measured with a 12-min load time over 3 days in a region with low iron concentration (140°W to 130°W in May) was 0.11 ± 0.02 nM (n = 113). This standard deviation is also likely to be an upper limit for the analytical uncertainty, as much of the variability may be real. The detection limit for iron was estimated to be 3 times the standard deviation of these latter measurements, which is equivalent to 0.06 nM. These values include correction for blanks, which were measured several times per day as mentioned above. The detection limit determined in this manner therefore implicitly includes the uncertainty of the reagent blank determination. The detection limit for aluminum, based on multiple analysis of low aluminum concentration seawater at maximum load times of 12 min (0.30 nM ± 0.02; 1 SD, n = 15) was also 0.06 nM.
[12] Subsurface samples were collected with a modified SeaBird Electronics Compact Carousel Sampler equipped with 2.5 L Ocean Test Equipment bottles with Teflon 2 coated interior surfaces, Teflon 2 stopcocks and epoxy coated, external spring closures (Model ES). These bottles were acid washed prior to the cruise and the bottles and spigots were covered with plastic bags between deployments. The carousel frame was coated with modified polyethylene to minimize exposed metal surfaces. A SeaBird Electronics Model 25 CTD with a titanium pressure housing was mounted on the Carousel sampler to record hydrographic properties. Samples were collected into acid washed LDPE bottles and refrigerated until analysis. All discrete analyses were carried out within 24 hours of sample collection with a second FIA system using the same modified luminol method [Obata et al., 1993] . The samples were acidified to pH 3.3 just prior to analysis to yield the same, operationally defined fraction of dissolvable iron that was detected with the underway system. The detection limit for this system was 0.03 nM at the highest sensitivity, based on 3 times the standard deviation of repeated analyses of a low iron concentration (<0.1 nM) sample. None of the iron analyses on samples collected with the rosette sampler were rejected due to apparent contamination.
[13] Large volume ($30 L) samples were also collected from the surface water sampling system and filtered onto 0.45 mm, 142-mm-diameter polycarbonate (Nuclepore) filters in a Millipore Teflon 2 filter sandwich using 3 to 5 bar N 2 . All filter handling was done inside a Class 100 laminar flow hood. The filters were preweighed, and the concentration of suspended particulate matter was determined after drying. Dry weights were corrected for the mass contributed from sea salt that dried on the filter by measuring sodium with flame Atomic Absorption. The filters were subsequently analyzed for leachable (25% acetic acid for 2 hours) [Chester and Hughes, 1967] and refractory metals. Samples for refractory analysis were extracted by sequential 6 N HCl, concentrated HNO 3 and concentrated HF digestion in a Teflon 2 bomb heated in a boiling water bath [Eggiman and Betzer, 1976] . Metal concentrations were measured by graphite furnace atomic absorption spectrophotometry with Zeeman background correction.
[14] Samples for dissolved iron analyses were also collected from the Research Vessel Wecoma at the Hawaii Ocean Time series (HOT) Station Aloha (22.75°N, 158°W) on April 26, 2001 [Wu et al., 2001] . These samples were analyzed by isotope dilution, high-resolution inductively coupled plasma mass spectrometry [Wu and Boyle, 1998 ].
[15] Temperature, salinity, and chlorophyll fluorescence in surface waters were continuously monitored on each transect with a flow-through system attached to the ship's water supply. Variable fluorescence was measured continuously with a Chelsea Fast-Tracka fast repetition rate fluorometer [Behrenfeld and Kolber, 1999] . Chlorophyll samples were periodically collected and analyzed to calibrate the system. Chlorophyll and nutrient samples were also collected from sample bottles on the rosette. Chlorophyll filters (Whatman GF/F) were acetone extracted (24 hours) and analyzed fluorometrically. Nutrient samples were frozen and analyzed on shore using an Alpkem RFA segmented flow analyzer [Sakamoto et al., 1990] .
[16] Aerosol samples were collected at Mauna Loa Observatory (MLO) on Hawaii during much of the spring of 2001. Trace metal concentrations in the aerosol were determined by synchrotron x-ray fluorescence as described earlier [Perry et al., 1999] .
Results and Discussion

Iron and Aluminum Distributions
[17] The surface (1 to 4 m) water values of temperature, salinity, dissolvable iron, and aluminum that were measured between Moss Landing, California, and Hawaii on March 13 to 26 (MBARI SOLAS I-California to Hawaii) and May 22 to June 1 (MBARI SOLAS II-Hawaii to California) of 2001 are shown in Figure 3 . Surface temperature and salinity measured along the two transects were not remarkably different, other than a relatively constant offset in temperature due to spring warming over the approximately 2-month period between the cruises. This suggests that we were sampling essentially the same water masses on each transect. Changes in metal concentrations within the central North Pacific Gyre must be dominated by the impacts of external metal inputs or losses between the two cruises, rather than horizontal advection that might have moved different water masses across the transect.
[18] The dissolvable metal concentrations were uniformly low in offshore waters from 135°W to 145°W (Figures 3b and 3c) on both transects (Fe $0.1 nM, Al $0.9 nM; Table 1 ). Iron concentration was substantially higher on the May transect west of 145°W (south of 27.6°N), relative to the values observed in March. The mean iron concentration west of 155°W (south of 23.7°N) increased from 0.22 nM in March to 0.68 nM in May (Table 1) . The difference between the two transects is maximum near 23°N, 157°W. In contrast, the iron concentrations near the California coast (east of 135°W) were substantially higher ($0.5 nM) during March. The mean iron concentration east of 125°W was 0.66 nM in March and it had decreased to 0.16 nM in May.
[19] Aluminum concentrations were generally low near the California coast and then increased rapidly west of 145°W (south of 27.6°N). Values were up to 3 nM higher near 155°W in May when compared to March. The surface water aluminum measurements are consistent with the observations made by Orians and Bruland [1986] along a similar transect (Figure 3c ). Our measured aluminum concentrations are slightly lower than theirs, but the spatial pattern is quite similar.
[20] Particulate iron and aluminum concentrations, which were measured along the transect only in May, are shown in Table 2 . Leachable iron concentrations averaged 0.011 nM across the transect with mean values approximately double that (0.024 nM) west of 155°W in the region with high dissolvable iron concentrations. The refractory particulate iron concentrations are relatively constant at 0.4 nM (Table 2) , which is consistent with the values reported by Martin and Gordon [1988] . A small increase to values of 0.55 nM was seen in the region with highest dissolvable iron concentrations. Leachable particulate iron concentrations are less than 10% of the dissolvable values. Refractory particulate iron concentrations are generally higher than the dissolvable iron concentrations. However, the tightly bound iron in refractory particles is unlikely to contribute to our underway measurements of dissolvable iron, which acidify the sample to only pH 3 for 1 min. Given the very low concentrations of leachable iron across the entire transect in May, it is likely that the dissolvable iron concentrations measured by FIA are essentially equivalent to dissolved iron.
[21] A vertical section of dissolvable iron concentrations was made using samples collected with the modified rosette during the MBARI SOLAS II transect in May (Figure 4a ). The samples from the mixed layer show that high iron concentrations penetrate down to depths of 100 m between 150°W and 155°W. This section is compared to dissolved iron measurements made along the same line during the VERTEX program (Figure 4b ) [Martin and Gordon, 1988; Johnson et al., 1997a] . There is remarkable similarity between the two sets of measurements in the waters east of 145°W. The agreement between our dissolvable iron measurements made by FIA and the VERTEX measurements of iron on filtered (0.4 mm) samples again implies that we are essentially measuring dissolved iron only in this environment. This result occurs only because of the very low leachable particulate iron concentrations found in the central north Pacific gyre [Martin and Gordon, 1988] . Near the coast, dissolvable iron measurements are dominated by particulate sources [Johnson et al., 2001] .
[22] An additional vertical profile of dissolved iron was measured on samples collected near the HOT station on April 26, 2001 [Wu et al., 2001 ]. This profile is compared with our vertical profile at Station 1 of the MBARI SOLAS II cruise on May 23, 2001, which was also near the HOT site (Figure 5a ). The profiles are in good agreement in deep water (±0.1 nM). Near the surface, differences are somewhat larger. The April profile shows surface dissolved iron concentrations that reach 0.7 nM. Iron concentration in the surface sample from the May vertical profile near the HOT station was 0.33 nM. However, there was a large iron gradient around HOT that was detected with the surface sampling system (Figure 3b ). Concentrations ranged from 0.35 nM when the ship was 50 km south of HOT to 0.56 nM at 50 km to the northeast. The mean concentration between these positions was 0.46 ± 0.07 nM. Surface concentrations continued to increase to the northeast, with some observations that reached values of 1.0 nM at a distance of 150 km from HOT. The upper 100 m of the April profile is virtually identical to the May profiles at Stations 2 and 3, which lie to the northeast (largest differences <0.1 nM; Figure 5b) . A vertical profile of iron reported for the HOT site by Rue and Bruland [1995] is shown in Figure 5a , as well. The similarity of all of these profiles from 1000 to 1500 m suggests that there are no significant methodological differences, and we assume that all of the results are comparable. However, there is no direct intercalibration to confirm this.
[23] The increase in iron and aluminum concentrations during May, particularly west of 150°W, cannot be produced by upwelling of deep waters. Deep waters have lower aluminum concentrations than do surface waters [Orians [Wu et al., 2001] . (c) Surface water aluminum measured along the transect line in March (circles) and May (squares). Dissolved aluminum concentrations reported at nearby stations by Orians and Bruland [1986] are shown (triangles). and Bruland, 1986] . Waters with an iron concentration of 0.7 nM (Table 1) would have to be transported from below 500 m depth at locations in the central gyre (Figure 5a ) [Johnson et al., 1997a] , an unlikely event. Upward transport clearly cannot have produced the large concentration increases. Bruland et al. [1994] observed similar near surface maxima in iron and aluminum concentrations at a station near 28°N, 155°W. They attributed the near surface iron increase to the imprint of aerosol deposition and we pursue this idea below.
[24] The concentrations of iron and aluminum are highly correlated on both cruises. The aluminum data averaged over each 5°of longitude (Table 1) are plotted versus iron in Figure 6 . The correlation coefficient for the averaged iron and aluminum is 0.992 during May. The individual data points, which were interpolated to uniform times as each instrument collected samples at a slightly different rate, are also well correlated (R 2 = 0.84 for 292 data points where both metals were measured in a 15-min interval). The mean metal concentrations are also highly correlated during March (R 2 = 0.95; Figure 6a ), when the averaged data point nearest the continental margin is excluded (see below). The significant correlation between iron and aluminum concentrations in this region of the North Pacific Gyre, unlike the global ocean as a whole [Johnson et al., 1997a [Johnson et al., , 1997b Vink and Measures, 2001] , suggests that the metal distributions in surface waters are controlled by a common process.
[25] Iron and aluminum concentrations both show the largest increase from March to May within the 155°W to 160°W longitude band (0.46 and 2.0 nM, respectively; Table 1 ). The concentration changes occur in a ratio of 4.3 mol Al/mol Fe. This is similar to the crustal ratio of 5 mol Al/mol Fe [Taylor and McLennan, 1985; Wedepohl, 1995] . Extrapolation of the March and May trend lines to higher concentrations also encompass the mean values of iron and aluminum reported in surface waters of the Atlantic for a variety of areas [Bowie et al., 2002] , with the exception of continental shelf waters (Figure 6b) . The large metal concentrations in the Atlantic are generally attributed to large inputs of soil aerosol from the Sahara [Vink and Measures, 2001] . The coupled increase in metal concentrations from March to May that we observed must have been caused by a similar deposition of mineral aerosol at the sea surface and subsequent release of both iron and aluminum, as was suggested to occur in the North Pacific by Bruland et al. [1994] . However, the magnitude of this effect is much smaller in the North Pacific (Figure 6b ). The iron profile measured at HOT on April 26 demonstrates that the bulk of the aerosol deposition had occurred in the one month interval between late March, when surface values near HOT averaged 0.22 ± 0.05 nM, and late April, when the vertical profile has a surface concentration of 0.71 nM and a well resolved surface maximum.
[26] In contrast to samples from the central gyre, the waters influenced by continental margin sediments appear to be enriched in iron, relative to aluminum (Figure 6 ). This may result from diagenetic remobilization of iron in coastal sediments, which enriches surface sediment with iron.
Aerosol Metal Concentrations
[27] Aerosol iron concentrations were measured on samples collected from March 14 through April 22, 2001 at 3400 m elevation at MLO, Hawaii (Figure 7a ). These measurements span nearly all of the time period between the MBARI SOLAS-I cruise in March and the measurements at HOT in April. The mean aerosol iron concentration observed at MLO was 11 ng Fe/m 3 during this period. Aerosol iron concentrations in this portion of 2001 were almost always lower than the monthly mean values from 1993 to 1996 [Perry et al., 1999] , which are shown in Figure 7a (20 ng Fe/m 3 in March and 60 ng Fe/m 3 in April). Metal ratios in the aerosol samples collected at MLO were consistent with a primarily crustal origin for the material. The mean aerosol Al/Fe ratio was 4.1 mol/mol, which is essentially identical to the ratio of the changes in aluminum and iron concentrations (4.3 mol/mol) between the MBARI SOLAS I and II cruises in the area west of 150°W.
[28] The spatial variability of aerosol concentrations across the North Pacific during the spring of 2001 was examined using the Navy Aerosol Analysis and Prediction System (NAAPS) (D. L. Westphal, manuscript in preparation, 2003; see also http://www.nrlmry.navy.mil/aerosol/). NAAPS is a real-time, global model that predicts aerosol concentration based on a soil source model and global meteorological fields from the Navy Operational Global Atmospheric Prediction System (NOGAPS) weather model. Dust emission occurs whenever the friction velocity exceeds a threshold value and the surface moisture is less than a critical value. The threshold friction velocity is set to infinity except in known dust-emission areas. Emission areas are defined by eight of the 94 land-use types in the USGS Land Cover Characteristics Database [Anderson et al., 1976] . The aerosol iron concentration is calculated from the soil aerosol distribution using the crustal abundance of iron.
[29] The predicted distribution of aerosols in spring 2001 (Figure 1 ) is generally consistent with a map of iron deposition derived from atmospheric observations [Duce and Tindale, 1991] , recent model analyses of dust and iron deposition [Tegen and Fung, 1995; Mahowald et al., 1999; Gao et al., 2001; Ginoux et al., 2001] , and a map of dust accumulation in sediments [Rea, 1994] . The model suggests that the highest aerosol concentrations were limited to a band from 25°N to 40°N north of Hawaii. The maximum aerosol concentration gradients in the region of the northeast Pacific that we studied during spring 2001 occurred from north to south and not east to west.
[30] Two large pulses of aerosol were observed during the monitoring period at Mauna Loa (Figure 7a ), which have a composition that is consistent with delivery from Asia. The NAAPS model predicts the timing of both aerosol pulses within several days (Figure 7b ). Modeled aerosol concentrations during the first pulse in late March are higher than the observed values by a factor of 5. It should be noted, also, that the model predicts a two-fold decrease in aerosol concentrations at the surface, relative to values at the elevation of the MLO observations. The model and observation difference could be as high as 10-fold at this time. The discrepancy between observed aerosol concentrations and those modeled with NAAPS is somewhat similar to the three-to five-fold difference seen between observation and aerosol concentrations predicted over the North Pacific with [Martin and Gordon, 1988; Johnson et al., 1997a] . See color version of this figure at back of this issue. the GOCART model [Ginoux et al., 2001] . The discrepancy in the GOCART results has been attributed to coarser particles in Asian soil aerosol source regions than those found in the African soils used to calibrate model source functions [Ginoux et al., 2001] . As a result, the GOCART model overestimates aerosol concentrations over the North Pacific because the modeled particles have a longer atmospheric lifetime than do the real particles. Modeled and predicted aerosol concentrations are in somewhat better agreement during the second event. 
Relationship of Aerosol Inputs and Ocean Metal Distributions
[31] The broad-scale gradient of surface water aluminum concentrations on both cruises (Figure 3c ) is anticorrelated with the expected aerosol concentrations calculated with the NAAPS model (Figure 1) . The low aerosol concentration values observed at MLO, relative to the monthly mean values from 1993 to 1996 (Figure 7a) , and the NAAPS model calculations (Figure 1 ) both suggest that the highest concentrations of Asian dust in the boundary layer passed well to the north of Hawaii during spring 2001. However, the highest Al concentrations are seen near at Hawaii 23°N (Figure 3c ). The trend that we observed for aluminum in surface waters is particularly robust, as similar results were also reported by Orians and Bruland [1986] (Figure 3c ). Modeled aerosol fluxes to the sea surface were not archived during this time period, and only predicted aerosol concentrations are available. However, there is no indication that the flux would be enhanced in the region near Hawaii. Open ocean rain estimates during this period, which were derived from the Tropical Rainfall Measuring Mission (TRMM) satellite data (http://daac.gsfc.nasa.gov), show no evidence of enhanced rainfall near Hawaii that would increase wet deposition of aerosol. We are also not aware of a mechanism that would increase dry deposition rates near Hawaii. Aerosol fluxes have been repeatedly estimated in other studies [Duce and Tindale, 1991; Rea, 1994; Tegen and Fung, 1995; Mahowald et al., 1999; Gao et al., 2001; Ginoux et al., 2001] in the vicinity of the transect line. These results also show no evidence of enhanced aerosol deposition near Hawaii. It is likely, therefore, that the anticorrelation of aerosol aluminum concentration (or flux) and surface ocean aluminum concentration is a persistent feature of this region.
[32] The decoupling of the major aluminum concentration gradient from the expected aerosol flux gradient may reflect several processes. Orians and Bruland [1986] attribute the low aluminum concentrations to the east to increased scavenging that is driven by high biological particle flux near the coast. There is little gradient in chlorophyll to the west of 130°W, however (section 3.4). Observations of 234 Th anomalies along the same transect line that we followed also show little or no change in particle scaveng- Gordon et al. [1997] and Johnson et al. [1997a] .
ing to the west of 130°W [Bruland and Coale, 1986] . It is possible that the surface ocean aluminum gradient reflects the effects of vertical mixing over winter. The depth of winter mixing (defined by density change from the surface of 0.125 g/m 3 ) varies greatly along the transect [Levitus et al., 1994] , with significant increases to the east of 150°W (Figure 8) . The residence time for dissolved aluminum in surface waters is estimated to be about 5 years [Orians and Bruland, 1986] , which is substantially longer than that of iron in surface waters. It may be that regular, deep winter mixing over multiple years along the central portion of the transect entrains sufficient deep water with low aluminum concentrations [Orians and Bruland, 1986 ] to obscure higher rates of aerosol input.
[33] The increase in trace metal concentrations that we observed in surface waters west of 145°W (south of 27.6°N) from March to April and May, and which appears to have a soil aerosol source, was also not correlated with the soil aerosol concentration pattern. The largest surface metal concentration increase was found near Hawaii (Figures 3b  and 3c ). The observations and the model suggest that low aerosol iron concentration were present in this area ( Figures 1 and 7) . Conversely, there was no change found in surface water metal concentrations in the region from 135°W to 145°W, where the model predicted that the highest mean aerosol concentrations over the transect line would have occurred. If aerosol metal concentration (Figure 1 ) was the proximate control on metal concentrations in surface waters, then both iron and aluminum should have increased the most to the east of 145°W and not to the west (Figure 3) . Although surface aluminum concentrations on a global scale are generally proportional to aerosol concentration [Measures and Vink, 2000] , this was not the case across the region that we have studied.
[34] The concentrations of iron from the surface to 100 m in April at HOT and in May at Stations 2 and 3 were nearly identical (Figure 5b ). These iron values were substantially higher than were found further to the east along the MBARI SOLAS II transect (Figure 4b ). Surface concentrations of dissolved iron throughout this region were not remarkably high during the MBARI SOLAS I cruise in March (Figure 3b ). The increase in integrated iron concentration at HOT from late March to late April and at Stations 2 and 3 from late March to late May was calculated to be 24 mmol Fe/m 2 from the surface to 100 m. This calculation assumes that the initial iron concentration throughout the upper 100 m in March, before the large input of aerosol iron occurred, is equal to 0.22 nM. This is the mean value observed in surface samples from this area in March (Table 1 ). The profile reported by Rue and Bruland [1995] , which was also collected during the low dust season (January 1994), averages 0.24 nM through the upper 110 m and supports this assumption (Figure 5a ). Deposition of 24 mmol Fe/m 2 is equivalent to a dissolvable (primarily dissolved) iron flux of 0.8 mmol/m 2 /d over the 30-day period between the March and April cruises. The estimated excess of aerosol-derived iron during May at Station 1, which coincides with HOT, is substantially smaller (2 mmol/m 2 ) than that seen at HOT in April or at Stations 2 and 3 in May (Figures 5a and 5b) . This difference is probably driven by spatial variability in aerosol deposition that produces the variability in surface iron concentrations (Figure 3b ) seen in May.
[35] Mean aerosol iron concentrations of 250 and 70 ng/m 3 ( Figure 7 ) were calculated at 25°N and 15°N, 150°W with the NAAPS model during the period from March 26 to April 26. The aerosol flux to the sea surface mean was estimated with a scavenging velocity of 1 cm/s for aerosol dry deposition [Duce and Tindale, 1991; Jickells and Spokes, 2001] , which ignores variability due to aerosol size distribution [Tegen and Fung, 1994] . These values yield a total aerosol iron flux to the sea surface of 1 to 4 mmol/m 2 /d. Our calculations ignore wet deposition of aerosol, which is generally considered to range from 30% [Jickells and Spokes, 2001 ] to 50% [Duce and Tindale, 1991] of the global aerosol iron flux. However, the TRMM satellite data indicate low rain rates along the transect during spring. By way of comparison, the annual aerosol iron flux estimated by Fung et al. [2000] [Duce and Tindale, 1991; Gao et al., 2001] . However, all of these estimates are based on similar scavenging models. Uncertainties in both the modeled aerosol concentration and the constant scavenging velocity will produce potentially large errors in our estimate of the aerosol iron flux to the sea surface. For example, the observations at MLO would suggest that the modeled aerosol concentrations may be biased high by as much as a factor of 5 in this region.
[36] Not all of the aerosol iron that reaches the sea surface enters the dissolved phase. The calculations presented here would require some 20% of the aerosol iron to be dissolved using a flux of 4 mmol/m 2 /d and 80% with a flux of 1 mmol/m 2 /d in order to match the accumulation of dissolved iron detected in April. The solubility of aerosol iron is generally estimated to be only 1 to 10% of the total iron based on a variety of laboratory experiments [Spokes and Jickells, 1996; Jickells and Spokes, 2001] , although values up to 50% have been measured [Zhuang et al., 1990] . However, if the aerosol iron concentrations were as low as observed at Mauna Loa Observatory during this period (11 ng Fe/m 3 ), then even an iron solubility of 100% could not support the observed increase in surface waters. Aerosol scavenging would have to be much more efficient than implied by a scavenging velocity of 1 cm/s.
[37] While it is feasible to explain the observed changes in iron (and aluminum) near HOT based on the estimated aerosol deposition rate, the required iron solubility would have to be quite large. This is especially true if the aerosol concentrations measured at MLO are used in the flux calculations. The results presented here point toward a combination of higher solubility and higher aerosol scavenging rates than are typically assumed. Further, the overall pattern of change in dissolvable iron and aluminum concentration in surface waters during May is not generally consistent with our understanding of aerosol distributions. Figure 1 ) and other global simulations Fung, 1994, 1995; Mahowald et al., 1999; Gao et al., 2001] , as well as historical observations [Duce and Tindale, 1991; Rea, 1994] , would all suggest that the region from 130°W to 145°W (north of 28°N) should have received even greater inputs of aerosol iron than the area to the south. However, no increase in surface water metal concentration was seen during May in regions where modeled aerosol concentrations were highest. It seems unlikely that the model uncertainties would cause a bias sufficient to reverse the meridional gradient of aerosol iron concentrations in this region. The discrepancies most likely lie within our understanding of aerosol solubilization or aerosol scavenging processes.
[38] Our results are clearly not yet definitive without contemporaneous measurements of aerosol flux. However, the size and spatial pattern of the increases in the iron and aluminum concentrations during May demonstrates that there may be significant inconsistencies in the simple model that we use to predict the aerosol impact on dissolved iron concentration change in the mixed layer. Revisions in aerosol solubility or aerosol scavenging rates may be required. Photochemical processes [Johnson et al., 1994; Barbeau et al., 2001 ] may play some role in enhancing aerosol solubility in these regions.
Potential Biological Impacts
[39] Iron is the limiting nutrient that regulates ecosystem processes in many regions of the ocean where high nitrate concentration is present Boyd et al., 2000] . Falkowski [1997] has hypothesized that iron may also regulate processes in low nitrate, oligotrophic regions by controlling rates of nitrogen fixation. Increases in surface iron from aerosol deposition in the Gulf of Mexico have been shown to drive large changes in the standing stock of the nitrogen fixing phytoplankton Trichodesmium [Lenes et al., 2001] . Karl et al. [1997] have shown that nitrogen fixation contributes some 44% of the nitrogen required by phytoplankton in the subtropical North Pacific. However, there is little evidence that the iron deposition in the spring of 2001 had a large influence on biological processes. Contoured sections of nitrate, phosphate, and chlorophyll, that were measured along the transects in March and May, are shown in Figure 9 . Nitrate concentrations are quite low across both of the transects (Figure 9a ) and near our detection limits. Mean phosphate concentrations in the mixed layer are about 0.1 mM lower in May when compared to March values (Figure 9b ). The decrease in phosphate was accompanied by a slight (<0.1 mg/L) increase in chlorophyll concentration during the May cruise (Figure 9c) . If the Redfield ratio for nutrient uptake were maintained, a 0.1 mM phosphate drawdown should be accompanied by consumption of >1 mM fixed nitrogen. Given the low initial nitrate concentrations (Figure 9a ), nitrogen fixation would likely have had to supply the remainder of the new nitrogen required to support uptake of 0.1 mM phosphate.
[40] We did not measure rates of nitrogen fixation, but numbers of Trichodesmium trichomes were enumerated by microscopy during the May cruise. Trichodesmium abundance ranged from 0 to 14 trichomes/L. These values are not particularly high, falling near the low end of the range that is observed at the HOT site [Karl et al., 1997] . The highest abundances were observed to be patchily distributed along the transect in regions with both high and low surface iron concentrations. Low wind is also a requirement for the development of large Trichodesmium populations [Karl et al., 1992] . Seas were exceptionally calm during the first 4 days of the MBARI SOLAS II cruise, and this should not have limited growth at that time, although 4 days may not be enough time for a full bloom of Trichodesmium to develop. It is possible that nitrogen fixation occurs in other large cells (e.g., diatoms with endosymbiotic N 2 -fixing cyanobacteria) or in small cells that we did not sample [Zehr et al., 2001] . However, these results do not point toward a large nitrogen fixation signal and the very small reduction in phosphate concentration may be an artifact.
[41] Iron profiles measured near the HOT station are compared (Figure 5a ) with those measured on several occasions at the US JGOFS EqPac site (0°N, 140°W) ( Figure 5c ). Iron concentrations in the mixed layer of the equatorial Pacific are generally at or near the detection limit used for those observations ($0.04 nM; Figure 5c ) [Gordon et al., 1997] . Iron is clearly a limiting nutrient in the equatorial region Fitzwater et al., 1996] . However, dissolved iron concentrations at HOT have seldom been less than 0.2 nM in any of the samples collected from the upper 100 m (Figure 5a ) during the past decade [Rue and Bruland, 1995; Wu et al., 2001] (also this work). The effects of iron on community growth rates in shipboard, iron incubation experiments with samples from the equatorial Pacific can be expressed in terms of a Michaelis-Menten model with a half-saturation constant of 0.12 nM [Fitzwater et al., 1996] . Iron will be strongly limiting to growth rates when its concentration is less than the half-saturation value. If the value of the half-saturation constant in subtropical gyre waters near HOT is similar to that observed along the equator, then typical iron concentrations >0.2 nM are not likely to be strongly limiting.
[42] Measurements of variable fluorescence [Behrenfeld and Kolber, 1999] were made on both transects. Variable fluorescence can track the physiological state of the phytoplankton community, including response to iron stress [Behrenfeld and Kolber, 1999] . There is not a distinctive difference between the two cruises. The mean ratio of variable to maximum fluorescence (Fv/Fm) in March is 0.33 ± 0.06 (1SD, N = 870) and 0.36 ± 0.04 (N = 859) in May for measurements made at night. This suggests no major change in photosynthetic efficiency of the phytoplankton population between the two cruises. Further, there was a distinct diel signal on both cruises with an elevated plateau in Fv/Fm during the night, similar to that seen in the Atlantic Ocean [Behrenfeld and Kolber, 1999] . They attribute such a pattern to iron replete conditions. Such a result would be expected from the relatively high iron concentration that is observed near HOT. The iron concentrations to the east are not as high, but values (0.1 nM; Figure 3b 
Conclusions
[43] The North Pacific gyre is a region with higher aerosol inputs than the equatorial Pacific [Prospero et al., 1989; Duce and Tindale, 1991; Tegen and Fung, 1995; Mahowald et al., 1999; Gao et al., 2001; Ginoux et al., 2001] . These higher inputs are reflected in greater iron concentrations along the transect that we studied, than are found in equatorial waters. The elevated iron concentrations appear to result in less iron stress in the ambient phytoplankton community. However, the pattern of elevated iron and aluminum concentrations does not appear to be simply related to the broadscale pattern of aerosol concentration and flux that has been determined in many observational and modeling studies.
[44] The time series of iron and aluminum concentrations that we observed near the HOT station require a large aerosol deposition event to have occurred between late March and late April, 2001 . Accumulation rates of dissolvable (primarily dissolved) iron are 0.8 mmol/m 2 /d at the Hawaii Ocean Time series station north of Oahu. Continuous aerosol observations at MLO on the island of Hawaii show several periods of relatively high aerosol concentration, but neither the observations or the NAAPS model suggest that enough aerosol was present to produce a flux that could account for the relatively large ($1 nM) and rapid (<30 days) increase in dissolvable iron concentration. This is particularly true if the solubility of iron in aerosol is 10% or less.
[45] A variety of other effects could account for the large increase in dissolvable iron, including much higher solubility than expected or much more efficient scavenging of aerosol in some areas. These results suggest that the processes which occur as iron is transferred from aerosol to the dissolved state in the ocean are much more complicated than the simple models that have been applied to date.
[46] The distribution of aluminum that we observed and that observed by Orians and Bruland [1986] along the same transect all show elevated concentrations near Hawaii. This pattern of aluminum concentration in surface waters appears to be anticorrelated with aerosol concentrations. If the surface water aluminum concentration was primarily controlled by aerosol inputs, then its distribution would imply, as does iron, that there are significantly higher aerosol inputs near Hawaii than would be expected based on the aerosol concentration. However, the aluminum distribution may reflect the interaction of its much longer residence time [Orians and Bruland, 1986] combined with deeper winter mixing in regions where low aluminum concentrations are observed. [Martin and Gordon, 1988; Johnson et al., 1997a] . 
